Two color time of fli~ht mass s~troscopy studies of toluene solvated by methane, ethane, and propane In a supersomc molecular jet have been carried out. This work is q~ite s.imilar to the studies in the preceding paper on benzene. The conclusions and finding In the benzene investigation are strengthened and elaborated. The comparison of calculations and e~periments has yielded information on binding energy, geometry, and spectral shIft. A strong correlation is found between observed cluster transition intensity and cluster nucleation processes and a tentative nucleation scheme for the molecular jet formation of solute-solvent clusters is presented
I. INTRODUCTION
The spectroscopic study of van der Waals (vdW) clusters in a molecular jet supersonic expansion has greatly increased our understanding of these species. Additionally, clusters composed of an aromatic molecule (solute) surrounded by small hydrocarbons (solvent) have been discussed as models for condensed phase systems. 1 Initial studies of these models have been focused on relatively small clusters with few solvent molecules: 2 • 3 geometries, energetics, and energy dynamics have all been explored in these vdW systems.
In a companion paper (hereafter referred to as I), information on benzene solvated with methane, ethane, and propane is presented. 4 Based on this and previous work from our laboratory, the nature of solvation and the solvation process has been explored. The solvent shift in the benzene clusters is understood to arise primarily from the interaction of the solvent with the 1r cloud of the aromatic ring: hence, the strong dependence of spectra1 shift on geometry. Identification of cluster geometry and energy levels has also led to understanding of the nucleation processes important in the formation of van der Waals clusters. Homogeneous nucleation can occur through the vibrational predissociation (VP) of a solvent dimer as it forms a complex with the aromatic solute. Inhomogeneous nucleation (the addition of two or more solvent molecules at a time to a solute) can be the dominant process in the beam. The relative amount of homogeneous and inhomogeneous nucleation is proportional to the ratio of solvent-solvent binding energy to solvent-solute binding energy.
The present paper reports the results of a study of the vdW clusters of toluene with methane, ethane, and propane. Due to the reduction of the solute symmetry compared to benzene, the geometry and energetics of .) Supported in part by grants from ONR and ARO-D.
toluene clusters are different from those of benzene clusters.
S Comparison of the benzene and toluene results for similar beam conditions and the same solvents strengthens and generalizes the conclusions reached previously.
Both large [Tol(S)x, x > 3] and small (x < 3) clusters have been studied for the toluene-solvent systems. The changes in the spectra of these clusters as larger and larger clusters are probed, indicate possible relationships between the clusters and condensed phase systems. Comparisons of the large cluster spectra with the spectra of cryogenic I · 6 so utIons suggest how well and to what extent the jet generated clusters model condensed phase systems.
Computer modeling of toluene-hydrocarbon clusters is extremely helpful in supplementing the small cluster spectroscopic data in order to determine cluster geometry and binding energy. A number oflocal minima are found on the potential surface for toluene interacting with these hydrocarbon solvents. Only the lowest energy computer generated geometries which are consistent with the observed spectra are taken as acceptable solute-solvent configurations. If the computer generated potential energy surface has a number of minima with relatively low energy, that geometry which best agrees with the toluene and benzene spectra is accepted as the appropriate one.
The toluene cluster data will be discussed in two parts. The data for small clusters will be analyzed first and will be compared to the benzene small cluster data. The modeling of condensed phase systems by large clusters will be dealt with at the end of Sec. IV.
II. EXPERIMENTAL PROCEDURES
The apparatus and techniques employed in this work are similar to those described in I. Mass selective absorption (two-color MS) is the only spectroscopic technique used in this study. The optimal backing conditions for each nozzle are found experimentally and are reported in the figure captions.
Three different nozzles are used in these experiments. The pulsed nozzle with a 500 ~m orifice produced a factor of -15 larger intensity than the 50 ~m continuous (cw) nozzle which in tum produces signals three to four times more intense than the 25 ~m cw nozzle. Greater enhancements in the signals were expected for the larger diameter nozzels 7 ; several possible loss mechanisms may contribute to this reduced signal improvement. In general, however, direct comparison between signals from the various nozzles is difficult because the optimum backing conditions for clustering are different for each nozzle.
Lowering the backing pressure and raising the pulsed nozzle temperature reduces the cooling in the expansion and produces hot clusters which evidence spectral hot bands. Although the (calculated) translational temperature of the expansion at the most extreme warming conditions (Po = 10 psi, To = 70°C) is still quite low (....., 1 K),8 the vibrational temperature of the clusters is -50 to 100 K, based on the observed spectral intensities.
Calculations of the minimum energy configurations of toluene clusters are performed as described in I. The coefficients for the interactions between the methyl group of toluene and the solvents are taken to be the same as those between solvents. The coefficients are reproduced in Table I for convenience.
Minimization of the energy of a given cluster is accomplished by moving the ligands in a stepwise fashion, calculating the energy at each step, and comparing the two most recent values of the energy. The procedure will terminate each time a local minimum in the energy has been found. To ensure that all minima are found and, in particular, that the lowest minimum is located, all reasonable starting geometries must be employed. Low energy and agreement with the spectroscopic data are the two criteria used to settle on "correct" configurations for the clusters. Assignments are given in Table II . This figure is reproduced from Ref. 5.
III. RESULTS

A. Toluene-methane
The Tol(CH 4 )1,2 absorption spectra have been published previously and are reproduced here in Fig. 1 and Table II for convenience. These spectra exhibit sharp origins and features due to van der Waals (vdW) stretching and bending modes. The spectral shift for the Tol(C~)2 og is twice that of the Tol(C~)1 og. The additive shift indicates addition of the two methane molecules to equivalent sites on the toluene. The stretching mode for Tol(CH 4 )1 has a considerable anharmonicity as pointed out previously.5 Tol(C~)2 evidences a similar progression in the stretching mode. The Tol(C~)2 peak at -20 cm-1 is probably associated with a second configuration of Tol(CH 4 h· Large clusters of toluene with methane produce broad spectra which become more diffuse and structureless as the clusters increase in size (see Fig. 2 ). The red shift of the most prominent feature in the Tol(CH 4 h spectrum is nonadditive; this feature is actually less red shifted than the Tol(CH 4 )2 og. Nonetheless, intensity is still evident in the Tol(C~)3 spectrum far to the red of the Tol(C~)2 og. The absorption spectra of clusters as large as The binding energy of these clusters can be estimated by observing the presence or absence of higher vibronic bands in the 2-color MS spectra. If the first photon induces a transition to a level which results in vibrational predissociation of the cluster, the transition will not be observed in the 2-color MS spectrum. 9 For Tol(CH 4 )1,2 the 6bA transition is observed but the lA transition is not. difficult to estimate since the spectra of large clusters are less well defined and weak. The computer modeling of Tol(C~)1 shows a minimum energy configuration in which the methane is shifted away from the center of the aromatic ring toward the methyl group (see Fig. 3 and Table III ). The methane should interact strongly with the aromatic 1r cloud of toluene in this predicted geometry. Only one stable configuration is calculated for Tol(C~)I: This agrees with the observation of one origin in the spectrum. The calculated binding energy of 667 cm-I is consistent with the limits obtained spectroscopically.
Two acceptable geometries are found in the computer modeling of Tol(CH 4 )2. The configuration labeled I in ring, forming an isotropic cluster. The second configuration predicted by the computer modeling (labeled II in Fig. 3 ). The origin is at the center of the aromatic ring of toluene. The +X axis passes through the methyl group, the Y axis is in the plane of the ring and the Z axis is out of the plane of the ring. quently, this geometry should have the larger (additive) spectral shift in the Tol(CH 4 )2 spectrum ( Fig. 1) .
B. Toluene-ethane
The small clusters of toluene and ethane [Tol(C 2 H 6 )1.2] exhibit sharp, assignable structure (see Fig.   4 and Table IV ). Tol(C 2 H 6 )I shows a progression in the vdW stretch, as well as two intense bends. The Tol(C2H6h spectrum clearly suggests that two geometries exist for this cluster. One geometry generates a spectral shift which is twice that found for Tol(C 2 H 6 )1' The vdW vibrational features of this additive shift configuration consist of a long progression in the stretching mode. The second geometry is characterized by a small (-10 cm -I) solvent shift and a short progression of doublets after the origin peak.
The absorption spectra of larger Tol(C 2 H 6 )x clusters become broad with very little well-defined structure. The maximum in a typical absorption spectrum occurs at about 30 em-I to the low energy side of the Tol 08, although significant measurable intensity extends to roughly -200 em-I.
The effect of warming the Tol(C 2 H 6 )x clusters is similar to that of warming the Tol(CH 4 )x clusters. The hot bands produce a broad background somewhat to the low energy side of the cold bands. As judged by the decrease in the signal intensities, continued warming (P < 20 psi, To "" 70°C) begins to destroy the vdW complexes.
Vibrational predissociation of Tol(C 2 H 6 )I,2 clusters occurs at the 121 toluene excitation but not at 11: the binding energy of these clusters therefore lies between 740 and 933 em-I. Both geometries of Tol(C2~h seem to have the same binding energy within this experimentally defined range.
The computer modeling of Tol(C 2 H 6 )1 shows two minima in the POtential surface above toluene. Since only one geometry is obvious experimentally only the lower energy computer generated configuration is presented in Fig. 5 and Table V. The less stable geometry (-180 em-I higher in energy) is probably not observed spectroscopically, although one of the peaks assigned to a vdW bending mode is possibly the origin of a second configu- Table IV. TABLE IV . Two-color TOFMS of Tol(C2~)1 and Tol(C2~h. Only the prominent peaks are tabulated and tentative assignments are given (see Fig. 4 ration. The binding energy predicted by the computer modeling is within the spectroscopically determined limits. For Tol(C 2 H 6 )2 several possible geometries are calculated. Since the spectrum clearly shows only two geometries, the most probable configurations must be chosen from this group. One of the geometries must be an isotropic configuration with an ethane on either side of the ring and the other configuration must involve both ethane molecules on the same side of the ring. Configurations consistent with the spectrum are shown in Fig. 5. 
c. TOluene-propane
The spectra of the small clusters of toluene and propane [Tol(C 3 H s »),2,3] also consist of well-resolved features ( Fig. 6 and Table VI ). The Tol(C 3 H s ») cluster spectrum strongly suggests two configurations exist for this cluster. The geometry with a relatively large spectral shift shows a progression in the vdW stretch as well as several vdW bends to the high energy side of its 08 transition. The second configuration gives rise to a small spectral shift of the origin: the origin is followed by a progression of doublets. This pattern is quite reminiscent of that found for the second (small shift) configuration of Tol(C 2 H 6 h.
The vdW cluster spectrum of Tol(C 3 H s )2 has a complicated structure indicating three or four possible different configuration for this mass species. These ge- Fig. 5 ). Axes and solute coordinates are the same as in Table III ometries are generally distinguishable based on relative intensities, spectral shifts, qualitative vibrational analysis, and comparison with the Tol(C14)I,2, Tol(C 2 H 6 )1,2, and Tol(C 3 Hs)1 data. The Tol(C 3 Hsh spectrum is actually less congested than the Tol(C 3 Hs)2 spectrum, presumably because some of the possible configurations are not observed in the beam. Two sets of peaks, corresponding to two different geometries of Tol(C 3 Hsh, are present in the spectrum as shown in Fig. 6 
Warming the toluene-propane clusters destroys the well-resolved structure in the Tol(C 3 H s h,3 spectra (Fig.  7) . As in the other systems, hot bands of the Tol(C3Hs)x clusters form an unstructured, broad background to the red of the cold spectrum.
The large clusters of toluene and propane produce spectra qualitatively similar to those of the other systems (Fig. 8) . Although some structure exists in the Tol(C 3 Hg)4 spectrum, the Tol(C 3 Hg)6 spectrum is largely unstructured with an intensity maximum around -60 cm-1 relative to the Tol 08.
The binding energies of the Tol(C 3 H s )I,2,3 clusters are all greater than 933 cm-1 as all three clusters show clear spectra in the 126 region. No toluene features above 126 are either intense enough or free enough from interferences to allow further studies; therefore, no upper limit to the binding energy can be quoted at this time.
Computer modeling predicts several stable geometries for Tol(C 3 H s )1 . As noted earlier, the Tol(C 3 Hg)1 spectrum indicates that two configurations with very different spectral shifts exist (see Fig. 6 ). Note the similarity in the spectral shifts of configuration II of Tol(C 3 Hs)1 and configuration II of Tol(C 2 H 6 h (Fig. 4) . This similarity in spectral shift indicates a similarity in the overlap of the solvent with the aromatic ring of toluene. Figure 9 and Table VII present the lowest energy geometries which should give rise to spectral shifts consistent with the Tol(C 3 H s )1 spectrum base on the correspondence between solvent-aromatic ring overlap and spectral shift (I). Other less stable geometries may be producing some of the observed peaks in the spectrum, but further assignments cannot be made with the existing data.
Similar considerations are used to choose those geometries of Tol(C3Hsh which are consistent with the spectrum. Possible minimum energy geometries are pic- Table VI . tured in Fig. 10 and the atomic positions of one geometry are tabulated in Table VIII . Computer modeling of Tol(C 3 H s )3 was not done.
IV. DISCUSSION
The spectral shift of a cluster depends primarily on the polarizability of the solvent along the intermolecular bond and on the change in polarizability of the solute upon excitation. One would expect that the change in polarizability upon excitation is larger for toluene lO than benzene and thus, that the cluster shifts are larger for toluene than benzene clusters. However, most of the change in polarizability upon (7r-7r*) excitation occurs in the aromatic 7r system; moving the solvent away from the 7r system must significantly reduce the cluster shift. Thus, two competing effects, increased polarizability change and reduced interaction with the aromatic 7r system, influence the relative spectral shifts of benzene and toluene clusters with small hydrocarbons. In the ensuing discussion we will treat large and small clusters separately and discuss shifts, geometries, and nucleation processes. FIG. 7. Two-color TOFMS of Tol(C)H s ), and Tol(C)H s )2 under hot nozzle conditions. The energy scale is relative to the Tol 08 (37477.5 cm-'). The concentration of propane is 1%, Po = 40 psia and To = 70°C. Note the dramatic increase in the background relative to the spectra in Fig. 6 . This broad background is due to hot bands. The negative peak at 0 cm-' in the Tol(C)H s ), spectrum is due to detector overload at Tol 08.
A. Small clusters
Methane
The computer modeling of the Tol(CH 4 ). cluster shows that the methane is displaced 0.921 A towards the methyl group of toluene (see Fig. 3 and Table III ). This calculated geometry presents a rationale for the essential (unexpected) equivalence of the cluster spectral shifts for Tol(C~). and Ben(CH 4 )., even though toluene has a (presumed) larger change in polarizability upon excitation than does benzene. Thus, the abovementioned two competing effects tend to cancel one another for Tol(CH 4 ) •.
These basic ideas also help to rationalize the similar- Table VII . In configuration II the propane interacts less with the aromatic cloud than in configuration I.
modeling of the anisotropic cluster of Ben(CH4h suggests that one methane moiety interacts strongly with the 11" system (I), thus yielding a spectral shift similar to that observed for Ben(CH 4 )1' On the other hand, computer modeling of the anisotropic cluster of Tol(CH 4 h shows that both methane molecules are considerably displaced from the center of the aromatic ring (1.09 and 2.37 A).
The observed small spectral shift for Tol(C~h (~21 cm-I ) is thereby consistent with the previously determined (I) relationship between spectral shift and geometry.
The ratios of intensities of the isotropic to anisotropic cluster peaks are different for Tol(CH 4 )2 and Ben(CH 4 h: liso/laniso[Tol(C~h, 08] --3 ( Fig. 1) , whereas lisol laniso[Ben(CH 4 h. 6b] --1. As pointed out in I, isotropic clusters can only be produced by homogeneous nucleation. Most homogeneously nucleated clusters are argued to TABLE VII. The atomic positions for the minimum energy configurations of Tol(C)H s ), (see Fig. 9 ). The origin and the coordinates of the solute are the same as in Table III. Energy Atom Fig. 10 ). The origin and coordinates of the solute are the same as in Table III. Energy Atom form through the collision of a solvent dimer with the solute; the binding energy of the solute with one of the solvent molecules is dissipated, in part, by VP of the solvent dimer bond. Apparently, the larger solute-solvent binding energy of the toluene clusters (as predicted by the computer modeling) facilitates breaking of the solvent dimer bond and allows homogeneous nucleation to dominate the formation of Tol(CH 4 )2 clusters. Nucleation processes will be treated in more detail at the end of this section.
Ethane
Figure 5 depicts the computer calculated geometry for Tol(C 2 H 6 )1: the ethane molecule is displaced toward the methyl group of toluene and inclined with respect to the plane of the ring. Assuming this geometry to be correct, it results in a spectral shift smaller by roughly 5 cm-I than that found for the comparable Ben(C 2 H 6 )I configuration. The methyl group of toluene, according to the potential calculations, draws the ethane solvent molecule away from the ring center, thereby reducing the toluene spectral shift relative to the comparable benzene cluster.
An isotropic Tol(C 2 H 6 h cluster is clearly indicated in the observed spectrum based on an origin shift twice that of the Tol(C 2 H 6 )1 origin (Fig. 4) . The intensity of features due to isotropic clusters relative to those due to anisotropic clusters is much less than seen in the Tol(C~h spectrum. The ratio is consistent with the trend report in I; homogeneous nucleation can be less probable with solvents having larger binding energies than with solvents having smaller binding energies. However, more homogeneous nucleation is evident for the toluene-ethane system than for the benzene-ethane systems. This same trend was found for the solute-methane clusters and is related to the strength of the solvent-solute bond.
Propane
Arguments put forth above concerning spectral shift, solvent-solute geometry, binding energies, etc., can also be applied for the somewhat more complicated toluenepropane clusters. The spectral shifts of the two configurations determined by computer modeling of Tol(C 3 H s )1 (Fig. 9) can thereby be qualitatively predicted. Configuration I, having a significant interaction of a terminal methyl group of propane with the aromatic 11" system of toluene, should have a spectral shift greater than that of Tol(CH 4 )1' On the other hand, configuration II (Fig. 9) would be expected to have a small spectral shift since the propane molecule is close to the methyl group of toluene. Origins with the expected shifts are indeed observed in the spectrum of Tol(C 3 H s )1 as depicted in Fig. 6 . The Tol(C 3 H s )2 spectrum (Fig. 6 ) has substantial intensity assigned to isotropic clusters (see origin peaks labeled I, II, III in Table VI binding energies are used. However, computer modeling of the propane dimer suggests that several geometries are stable, some of which have relatively small binding energies. If a reasonable fraction of the propane dimers in the beam are hot or are in geometries with small binding energies (i.e., -500 cm-I ), the relative number of isotropic clusters in the beam would be larger than otherwise expected. Additionally, some of the intense features assigned to isotropic clusters could be associated with anisotropic geometries not yet located by the computer modeling.
Nucleation
The nucleation process in the jet expansion can be better understood by employing a simple kinetic scheme. We assume, as has been previously suggested (I), that small vdW clusters are formed by solute collisions with solvent dimers (or possibly larger species). While this may not be the only cluster formation mechanism, it is consistent with all benzene and toluene cluster data and can be justified by reasonability arguments. A solvent dimer colliding with the solute produces an "activated complex" in much the same fashion as is typically considered in a bimolecular reaction. This complex can then decay through three different pathways: (1) vibrational predissociation of the solvent dimer to form a homogeneously nucleated solute(solvent)1 vdW cluster; (2) collision with a third body (He, typically) to generate a inhomogeneously nucleated solute(solventh vdW cluster; or (3) decay back to the reactants (solventh and solute.
Data presented in the Sec. III indicate that details of the solvent dimer binding energy and solute-solvent binding energy are important for the relative concentrations of homogeneously and inhomogeneously nucleated products. Thus, finer detail in the overall kinetic scheme should be considered. The mechanism suggested for the reaction is represented as follows:
in which -indicates a vdW bond with significant vibrational excitation, 0 indicates a solvent molecule, M stands for an inert third-body collision partner, andrepresents the solute. Assuming d [II] /dt = 0, and ignoring the first step in the reaction chain, the ratio of concentration [IV] to [III] is given by
The amount of inhomogeneous nucleation relative to homogeneous nucleation is proportional to this ratio. Two reasonable approximations can be made for this expression. First, k4 < k), k2 as k4 is at most -1011 S-I in the backing region (and certainly much less in the beam) while k), k2 -10 12 S-I. If this were not the case, inhomogeneously nucleated clusters would always dominate the intensity. Second, kl ~ k2 because the density of states is high for both species at the given energies (300-900 cm -I) and energy is not expected to concentrate in one bond or the other over many vibrational periods. With these approximations Eq. (1) becomes (2) where k4 depends only on the collision rate of third bodies with species I and II and should be roughly the same for all the systems studied here. The difference in the relative numbers of isotropic species for the various systems must then be associated with the changes in k3 from cluster to cluster. The transformation of species II to species III can be viewed as a reaction with a potential barrier equal to the binding energy of the solvent dimer. The rate constant k3 can be written as (3) in which BELL is the solvent dimer binding energy and ELL is the energy in the solvent dimer bond for species II. If equilibrium is established (k l , k2 ~ k3) before VP occurs and the excess energy in the intermediate is statistically distributed between the solvent-solute and solvent-solvent bonds, then ELL -!BE sL , in which BEsL is the solute-solvent binding energy. This latter quantity takes on the role of kT for the reaction II ---> III. Thus k3 becomes a function of both the solvent-solvent and solute-solvent binding energies. 
B. Large clusters
The intensity maximum in the spectrum of clusters with more than three solvent molecules is much less red shifted with respect to the free molecule than the intensity maximum in the comparable cryogenic solution. 6 This observation is directly attributable to the conditions of the experiment and the nature of the nucleation processes in the expansion. Inhomogeneous nucleation dominates the formation of large clusters, especially for clusters involving better solvents such as propane. Since inhomogeneous nucleation produces more anisotropic clusters, most of the large clusters formed in the jet will be anisotropic and will exhibit small spectral shifts; larger spectral shifts are found for isotropic (solution-like) clusters. The spectral shifts in the jet generated clusters have been determined to be largely due to interaction between the solvent and the aromatic 7r system of the solute. If the clusters are to serve as potential models of condensed phase systems, the difference between the principal gas to cluster and gas to liquid shifts must be explored. (Note nonetheless, that some cluster intensity is found at the same spectral shift as that observed for the analogous solution. I ,4,S) While in general the shifts for clusters are saturated with a solvent molecule on each side of the aromatic ring, larger shifts might arise through two mechanisms: forced crowding of the solvent around the solute so that more molecules effectively interact with the 7r system of the solute, and interaction of the solvent with the solute in the plane of the ring. These latter positions are not local minima in the potential surface of small clusters. However, the cage structure of the liquid would force solvent molecules to interact with the solute in the ring plane. This in-plane interaction may also contribute to the spectral shift of larger vdW clusters and, in particular, could be responsible for the weak intensity at approximately the value of the solution spectral shift reported for these systems previously.6 Since we have no direct information on the in-plane interactions, the relative contribution to the shift from these two possible sources is difficult to assess.
V. CONCLUSIONS
Two-color time-of-flight mass spectroscopy and simple potential calculations have been employed to determine cluster binding energy, spectral shift, geometry, and nucleation processes for toluene solvated by methane, ethane, and propane. The major findings of this effort can be summarized as follows:
( 1) Ouster binding energy is related to the polarizability of the two species in the cluster and is apparently not a sensitive function of solute-solvent geometry.
(2) The observed spectral shift for a cluster is due mostly to the solvent interaction with the solute aromatic (4) The benzene and toluene cluster systems appear to behave in a consistent and predictable fashion-the data analysis for both systems has been carried out such that trends are transferable from one system of clusters to another.
(5) The exponential-6, atom-atom potentials employed in the computer modeling of cluster geometry and binding energy, which have been quite successfully used over the years in treating condensed phases, are apparently reasonable potentials for the modeling of clusters.
